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Abstract
We measure the temperature dependent resistance of a niobium nitride
(NbN) from room temperature to 4 K. The increasing resistance with
decreasing temperature can be explained by tunneling of electrons
between grain boundaries. Once the detector is in the superconducting
regime single photon counts can be registered. We find an optimal setting
of the trigger level of 0.2 V to register detection events while minimizing
the influence of amplifier noise. From the measured voltage pulses we
estimate a kinetic inductance of 200 nH for our devices. We explore the
regime of high photon energies by plotting the count rate vs optical
power on a double logarithmic scale. For photons with 500 nm
wavelength the highest initial slope is equal to 2.6, indicating that
detector tomography with 3 photon events realistic. Unfortunately,
higher slopes are not observed and makes looking into detection events
with more than 10 eV total energy difficult if not impossible.
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Chapter1
Introduction
Nanowires made out of superconducting material can be used to detect
single photons. The possibility of detecting single photons using such
superconducting single-photon detectors (SSPD) has first been demon-
strated to work in 2001 [1]. These detectors show great promise for ap-
plications in quantum key distribution [2], quantum computing [3] and
ultra-long distance classical communication [4] to name a few. The reason
that SSPD’s hold so much promise is due to their high detection efficiency
in the infrared (up to 93% for 1550 nm [5]), their low relaxation time (as low
as 30 ps [1]) and low dark counts compared to avalanche photo-diodes.
An SSPD consists of a small nano-wire of superconducting material
that is superconducting below its critical temperature. When a photon
is absorbed, Cooper pairs are destroyed and a region is created with a
non-equilibrium concentration of quasi-particles. The nano-wire may now
make a transition towards the normal state if biased close enough to the
critical current [6]. The exact mechanism that makes the SSPD go normal
(stops being superconducting) is not fully understood [7–9] and depends
on the material and photon energy. Different models used to describe this
process predict conflicting detection efficiencies at higher (multi)-photon
energies.
In this research we focus on a NbN nano-SSPD on a Gallium Arsenide
(GaAs) substrate [10]. For these detectors a linear relation between a thresh-
old current for 1% detection efficiency and photon energy has been estab-
lished for photon energies between 0.75 and 8.26 eV [7]. This linear de-
pendence is explained by diffusion based detection models. For higher
energies this model is expected to break down because the absorption of
a large amount of energy should break up all Cooper pairs, leading to the
formation of a normal hotspot instead of a diffuse cloud of quasi-particles.
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It is currently unknown at what energy this transition occurs.
The goal of this research is to probe the high energy regime of the NbN
SSPD to explore the breakdown of diffusion based models. For NbN the
breakdown is thought to occur for total energies in excess of 10 eV and
requires multiple visible photons to be absorbed simultaneously.
Figure 1.1: This figure was made using data from the PhD thesis of J.J. Renema
[7]. In this figure the measured data correspond to the bias current to critical cur-
rent ratio needed to get a 1% detection efficiency for the (multi-)photon energies
depicted. The fact that a straight line can be fitted to this data indicates that at
this energy regime the detector is best described by diffusion based models. The
question mark indicates the region of interest of multi-photon energies exceed-
ing 10 eV where the diffusion based models are speculated to break down and a
hotspot model is expected to take over.
2
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Setup and methodology
2.1 Optical setup
To characterize the optical properties of a detector we preform an experi-
ment where a controlled amount of laser light is sent onto an SSPD inside
a cryostat. The detector is kept at about 4.2 K so that the NbN is supercon-
ducting and incident photons can trigger a transition to the normal state.
A white light laser (Fianium) is attenuated using several dichroic mirrors
and filtered by a bandpass filter with a center wavelength of 500nm a
bandwidth of 10nm (FWHM). Subsequently, the light is sent through a sys-
tem of two crossed linear polarizers with a half wave plate in between as
shown in figure 2.1. After the beam is attenuated it goes through a beam-
splitter that sends part of the beam towards the NbN SSPD through a win-
dow in the cryostat. The beam reflected by the beam-splitter is send to a
reference detector (Thorlabs PD100A power meter). To facilitate aligning
the laser spot on the NbN SSPD there is also a CCD camera with a simple
microscope (2×magnification) to image the NbN nano-detector and the
laser spot.
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Figure 2.1: Schematic of the optical setup. The combination of 2 polarizers and a
half wave plate serves to attenuate the laser beam that illuminates the NbN SSPD.
Above the beam-splitter there is a reference power meter (Thorlabs PD100A) that
is used to determine the number of photons incident on the NbN SSPD. A CCD
camera creates an image of the NbN sample and the laser spot.
We use the reference detector to determine the number of photons inci-
dent on the detector. This is done by first converting the voltage given by
the Thorlabs PD100A power meter to power on the NbN by measuring the
power before entering the cryostat with a Melles Griot Universal Optical
Power Meter System. Figure 2.2 shows the result of this calibration with
the straight line that fits the data best giving us an equation of conversion
between Thorlabs power meter voltage and power on the detector. The
power on the NbN detector (PNbN) is given by:
PNbN = c1Vpd + c0 (2.1)
Where Vpd is the voltage on the reference detector, and c1 and c0 are
constants. Best fit to the data results in c1 = 6.09± 0.01µW/V and c0 =
0.03± 0.01µW.
4
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Figure 2.2: Measured optical power incident on the f =100 mm lens before the
cryostat as a function of the voltage on the photo-diode (points). The blue line is
the best fit to equation 2.1.
Since we are interested in how many photons actually reach the NbN
detector we still need to convert this power to a photon number.
N =
λ
hc
P
Ω
(2.2)
Where N is the average number of photons per pulse, λ is the wave-
length of the laser light, Ω the 20 MHz pulse rate of the laser and P the
power on the reference photo-diode.
2.2 The electrical circuit
Before discussing the photon count rate we elaborate on the electronics
that generates measurable voltage pulses. To detect photons a bias voltage
needs to be applied to the detector and the voltage pulse resulting from a
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detection event needs to be amplified. The electrical circuit to achieve this
consists of a Yokogawa GS200 voltage source, a 2.5 to 6000 MHz band-
width bias-T, an amplifier chain of three 50Ω, 20 MHz to 3 GHz bandwidth
amplifiers (mini-circuits model ZX60-3018G-S+) that have a net amplifica-
tion of about 60 dB. Details are described in figures 2.3, 2.4 and 2.5. An
important function of this electrical circuit is to send the DC supplied by
the Yokogawa through the superconductor. On the other hand only the
high frequency pulse characteristic of the detector becoming normal and
going back to the superconducting state needs to be amplified. To reduce
electrical noise injected into the detector a simple first order RC low pass
filter is used as depicted in figure 2.3.
C1
A
V
R0
Figure 2.3: Source used to bias the detector together with a first order RC low-
pass filter consisting of a resistor of R0 = 100 Ω and a capacitor of C1 =
0.64 ± 10% µF. The voltage over the resistor R0 is measured by a Keithley2000
multimeter to monitor the resistance of and the current through the SSPD.
The connection labeled A in figure 2.3 corresponds to the connection
labeled A in figure 2.4. Figure 2.4 shows a schematic of the bias-T and
amplifiers used as a way to separate the high frequency pulses created
by photon detection events of the NbN SSPD. The bias-T consists of two
capacitors (CBT) and an inductor (LBT). The SSPD detector is connected
to output B. The first capacitor together with the inductor filter high fre-
quency noise from the DC input. The second capacitor together with the
50 Ω resistor act as a high pass filter that passes AC signals from the NbN
SSPD to the amplifiers.
6
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Figure 2.4: Schematic of the bias T in conjunction with an amplifier for the high
frequency pulses generated by detection events. The NbN SSPD is connected to
output B, and a DC bias is applied to port A.
An equivalent electronic circuit of the NbN SSPD is depicted in figure
2.5. In this representation a closed switch corresponds to the supercon-
ducting state and an open switch to the normal state, where the detector
has a normal state resistance Rn. The inductance LK represents the kinetic
inductance of the detector.
B
LK
Rn
Figure 2.5: Equivalent electrical circuit of the NbN SSPD.
During a detection event the switch opens and closes swiftly producing
a short pulse (several picoseconds) in voltage. The shape of the pulse and
reset time of the detector are limited by the kinetic inductance [6]. This
pulse is further filtered out by the high-pass filter shown in figure 2.4 and
amplified by an amplifier chain. The resulting pulses are sent to an Agilent
counter which counts a detection event if the pulse exceeds a set trigger
voltage.
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Chapter3
Results and analysis
3.1 Characterizing the NbN detector
3.1.1 Resistivity of the detector
The NbN SSPD used in this study has a 150 nm wide constriction geome-
try as shown by the SEM image in figure 3.1. The detector is grown on a
Gallium Arsenide (GaAs) substrate, and is connected to an additional me-
andering wire to increase the kinetic inductance (not shown). The NbN
wire in this study is ∼4 nm thick.
Figure 3.1: SEM image showing the geometry of our NbN detector. The constric-
tion (arrows) is 150nm wide. During measurement a bias current Ib is applied to
the detector. Figure taken from [7].
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We measured the resistance of the NbN detector Rn while cooling it
down from room temperature to the base temperature of the Entropy cryo-
stat. To our surprise the resistance actually rises with decreasing temper-
ature. A possible explanation for this is the structure of the NbN being
granular so that the conduction electrons have to tunnel between the low
resistivity grains that are separated by a nonconducting medium [11, 12].
Tunneling is enhanced by thermal fluctuations, and becomes less likely at
lower temperatures. Hence, the current will flow with a higher effective
resistance. Tyan and Nigro [11, 12] report such a model and experimen-
tal data for a two-dimensional granular film. According to this model the
resistance can be described by the following equation:
Rsc(T) ∝ ρ(T) ∝
(ne2L)
mvF
Γ−
L
D (3.1)
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Figure 3.2: Measured resistance as a function temperature for a NbN detector
(blue points). The red line through the data shows the best fit of a grain bound-
ary tunneling model (Eq. 3.3) explaining the increase in resistance with decreas-
ing temperature. The inset shows an enlarged version of the data below 20 K
displaying the transition from the normal to superconducting state.
10
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Here ρ(T) is the resistivity, n is the number density of the conduction
electrons, e is the electron charge, m the electron mass, vF is the Fermi
speed, D is the grain size, Γ is the average probability to pass a grain
boundary and L is the temperature dependent mean free path. Note that
this equation reduces to the Drude model of resistivity when L  D. The
mean free path L is given by
L−1 = l−1e + l−1in ∼= l−1e + αTp (3.2)
where le and lin are the elastic mean free path from acoustic phonon scat-
tering and the inelastic mean free path [11, 12]. The fit function describing
our data then becomes:
Rn(T) ∝ a(1 + bTp)Γ
− c
1+bTp (3.3)
This fit function containing 5 independent parameters a = Gl−1e , b =
leα, c = l−1e D−1, p and Γ. As can be seen in Fig. 3.2, our data agrees with
the theory up to the point where NbN becomes superconducting. The
model of tunneling conduction electrons can thus explain the normal state
behavior. From the best fit we can only say something about p and Γ. To
interpret the values of a, b and c we need to know the geometric constant
G and the grain size D from independent experiments. The best fit results
in the following parameters, which are compared to the parameters found
by Tyan and Nigro:
This work Tyan and Nigro
a 0.13179± 9 · 10−5 (a.u.) -
b 2.87 · 10−4 ± 10−6 (a.u.) -
c 1.2± 0.3 (a.u.) -
p 1.293± 0.001 2.50 to 3.25
Γ 0.178± 0.09 0.10 to 0.23
The value of Γ is comparable to the value reported by Tyan and Nigro
[11]. The value of p is significantly lower in our work, which we attribute
to the fact that we measure on a wire geometry that is closer to one dimen-
sional hopping compared to the two-dimensional film used by Tyan and
Nigro[11, 12].
To further characterize an IV-curve was measured at base temperature
T = 4.057 K. This IV-curve is shown in figure 3.3. The critical current at
this temperature is Ic = 25 µA, i.e. jc ' 4× 1010 A/m−2 At this current a
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sharp transition is visible at Vbias = ±2.65 mV where the detector switches
from superconducting to a state of a finite resistance with R being much
larger than R0 = 100 Ω.
6 4 2 0 2 4 6
Bias Voltage (mV)
0.03
0.02
0.01
0.00
0.01
0.02
0.03
C
u
rr
e
n
t 
(m
A
)
Figure 3.3: Measured IV-curve of the resistor (R0) in series with the detector taken
at a temperature of T = 4.057 K. The green line represents the best fit to the region
where the SSPD is superconducting (between the red lines at Vbias = ±2.65 mV)
From the linear fit to the data between ±2.65 mV we find that the total
resistance of the setup is 107 Ω corresponding to R0 (plus resistance of the
wires). We assume that the the superconductor has negligible resistance in
the superconducting state. Additional measurements of I-V curves show
that the initial slope of the I-V curve is independent of temperature below
7.9 K. For larger voltages we observe a significantly lower slope indicating
that the total resistance is larger because (part of) the NbN wire is in the
normal state.
3.1.2 Light counts and dark counts
Ideally an NbN SSPD only clicks when a photon is absorbed. In this case
we would expect to see zero detection events in the dark. When the de-
tector is biased close enough to the critical current detection events are
observed, even if the NbN is not illuminated. These dark counts are well-
known in literature and their origin is commonly linked to depairing of
12
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vortex and anti-vortex pairs caused by the bias current [13]. The num-
ber of pulses (with amplitudes above the trigger voltage) that are counted
when the NbN is illuminated will be called light counts from here on. The
actual photon detection events, meaning the light counts minus the dark
counts, will be denoted as counts.
We measured the voltage pulse for dark counts and light counts and find
them to be indistinguishable from each other. In figure 3.4a we see the
dark count pulse of an amplifier chain consisting of three 20 MHz to 3 GHz
bandwidth∼20dB amplifiers (mini-circuits model ZX60-3018G-S+) and in
figure 3.4b we see the dark count pulse of a chain of two 0.1 to 500 MHz
bandwidth ∼28dB amplifiers (mini-circuits model ZFL-500LN+). From
these curves an estimation of the relaxation time (τ) of the NbN SSPD can
be made starting from an ideal pulse shape before amplification:
VpulseNbN(t) ∝
{
0 t < 0
e− tτ t > 0
(3.4)
Where we have assumed that the detector jumps instantaneously from the
superconducting state to the normal state and back at t=0. In reality this
takes a finite time that is much shorter than the relaxation time limited
by the kinetic inductance of the detector. Fourier transforming the pulse
shape to the frequency domain gives:
V˜pulseNbN(ω) ∝
iτ√
2pi(i + τω)
(3.5)
We model the finite bandwidth of the amplifier with a 20 MHz, first or-
der, high-pass filter and ignore the high frequency cut-off. In the Fourier
domain this leads to
V˜pulseNbN(ω) · H(ω) ∝ iτ√
2pi(i + τω)
·
ω
ωlow
( ωωlow + i)
(3.6)
Fourier transforming back to the time domain should gives an approxi-
mate analytical expression of the pulse we observe after amplification:
VpulseAmp(t) ∝
{
0 t < 0
e− tτ−e−tωlow
1−τωlow t > 0
(3.7)
Fitting equation 3.7 to our data results in a relaxation time of τ = 7± 3
ns and a cut-off frequency at flow = 2piωlow = 20± 10 MHz for the pulse in
figure 3.4a. This cut-off frequency is in good agreement with the specified
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cut-off frequency of the amplifiers used to measure this pulse. The fit to
the pulse in 3.4b gives a relaxation time of τ = 4.23± 0.02 ns and cut-off
at flow = 2piωlow = 0.42± 0.02 MHz. This cut-off frequency is significantly
larger than the specified cut-off frequency of 0.1 MHz for the amplifiers
used to generate this pulse.
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Figure 3.4: a) Measured pulse shape for a dark count of the SSPD at a bias voltage
of -3.3mV and a temperature of T = 4.08 K. b) Measured pulse shape for a dark
count of the SSPD at a bias voltage of -2.5 mV and T = 4.8 K with an alternative
amplifier chain. Data are averaged using a digital oscilloscope. In both fig.a and
fig.b the red line is the best fit of equation 3.7 to the green part of the data.
The Fianium pulsed laser sends pulses to the NbN detector with a du-
ration of 20-30 ps at 50 ns intervals. Because the relaxation time is much
larger than the pulse duration only one detection event per pulse can take
place and the saturation count-rate should be equal to the pulse-rate of
the laser (∼ 20 MHz). From this relaxation time we can also determine
the kinetic inductance (LK) of the detector to be LK = 50Ω · τ = 200 nH,
comparable to the kinetic inductance of the detectors tested in the paper
of Kerman et.al. [6].
To make informed decisions about setting trigger levels the count-rate
was measured as a function of trigger voltage. Results for negative bias
are shown in figure 3.5. For light counts as well as dark counts (figures
14
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3.5a and 3.5b respectively ). As can be seen from the figure there is a bi-
asing regime where only light counts are observed. Dark counts appear
for Vbias < −3.1 mV. The peak height increases with increasing bias, as is
evident by the growing length of the plateau seen at the left of the central
peak. The central peak correspond to amplifier noise. In practice it is most
convenient to trigger somewhere where the pulses for all biases would be
counted with as little noise as possible. To find the optimum value we fit
the data in figure 3.5 (a) and (b) to an error function:
1.2 0.8 0.4 0.0 0.4 0.8
Trigger voltage (V)
100
101
102
103
104
105
C
o
u
n
tr
a
te
 (
H
z)
(a) Vbias(mV)
-3.4
-3.3
-3.2
-3.1
-3.0
-2.9
-2.8
1.2 0.8 0.4 0.0 0.4 0.8
Trigger voltage (V)
100
101
102
103
104
105
C
o
u
n
tr
a
te
 (
H
z)
(b) Vbias(mV)
-3.4
-3.3
-3.2
1.2 0.8 0.4 0.0 0.4
Trigger voltage (V)
100
101
102
103
104
105
C
o
u
n
tr
a
te
 (
H
z)
(c)
1.2 0.8 0.4 0.0 0.4
Trigger voltage (V)
100
101
102
103
104
105
C
o
u
n
tr
a
te
 (
H
z)
(d)
Figure 3.5: Measured count-rate of NbN detector (log scale) as function of trigger
voltage at T = 4.8 K for different bias voltages. Figure a corresponding to light
counts and figure b to dark counts. Fit of equation 3.8 to the part of the data
shown as red points, where figure c corresponds to light counts and figure d to
dark counts.
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N(Vt) =
N0
2
(
1± erf
(
Vt − V¯t√
2∆Vt
))
(3.8)
Where N(V) is the number of counts that have a peak larger in magni-
tude that the trigger voltage Vt. N0 is the number of counts, V¯t is the av-
erage peak height and ∆Vt is the spread (standard deviation) of the pulse
height. The ± sign depends on the sign of the applied bias.
From these fits we found the peak-height from light counts to be indis-
tinguishable from the peak heights of dark counts. The peak heights for
dark counts (DC) for Vbias = {−3.4,−3.3,−3.2} mV are given by DC =
{−1050± 20,−1030± 15,−990± 24}mV and that of light counts (LC) by
LC = {−1060± 17,−1020± 20,−980± 24} mV respectively. The error in
the peak height is given by the spread (∆Vt) of the error function. Exactly
the same analysis was done for positive bias voltages for which the figures
mirror in the Vtrig = 0 V axis.
3.1.3 Amplifier noise
When varying the trigger voltage Vt a large peak is found around Vt =
0 independent of the bias current that is employed. This is due to the
noise that the amplifier chain puts into our setup. This noise appears to
be Gaussian. To make sure this is the case a Gaussian function is fit to the
measured count-rate when no bias is applied to the detector. This best fit
is shown in figure 3.6.
N(V) =
N0√
2pi∆V2t
e
−(Vt−V¯t)2
2∆V2t (3.9)
Here ∆Vt and V¯t are the width and center of the Gaussian describing
the amplifier noise. The spread in voltage for the error function depends
on bias current and exceeds the measured spread of the Gaussian. Note
also that this latter quantity does not depend on bias current. The inset
shows the same Gaussian but with the count axis in logarithmic scale.
based on the logarithmic plot we must conclude that the noise is not ex-
actly Gaussian in the tail of the distribution since the data points systemat-
ically deviate from the best fit. This small effect becomes important when
measuring low count rates for low bias voltage. The width of the Gaussian
was found to be independent of bias voltage, within experimental error.
16
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Figure 3.6: Measured amplifier noise for Vbias = 0 mV where there are no dark
counts and no light counts but only the noise.
3.1.4 Save trigger voltage
Using previous results we can make a plot showing the save area to trigger
with the Agilent counter for the used amplifier chain. This plot is shown
in figure 3.7.
The best fit line in figure 3.7 does not go through the origin of the
graph. This is due to an offset in the bias voltage which was measured
to be Voffset = 1.07 mV. From the slope of the best fit line to the data we
can calculate the actual gain (G) we achieve using this particular ampli-
fier chain. The specified gain per amplifier is 18.78 dB. The voltage that
is being amplified is the voltage pulse over the SSPD and we know that
Vbias = VR0 + Vsc and in a detection event VR0 << Vsc so that Vbias ≈ Vsc
giving us the following equation for the power gain:
G = 20 log10
(Vpeak
Vbias
)
. (3.10)
The slope of the straight line fit in figure 3.7 is given by
Vpeak
Vbias
= 454± 2
from which we calculate a total gain G = 53.1± 0.1 dB. We thus observe a
gain of 18 dB per amplifier, slightly lower than the specified value.
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Figure 3.7: Pulse height plotted as a function of bias voltage (blue points) and
fitted to a straight line. The green area is the part where false triggers due to noise
are less likely than 0.3% the red area contains 99.7% of the noise (if noise would
have been Gaussian). In the yellow region a considerable amount of counts due
to noise are still observed since the amplifier noise is not a perfect Gaussian.
3.2 Multi-photon detection events
To probe the high energy regime of the NbN SSPD multiple photons need
to be simultaneously absorbed in so called multi-photon detection events.
Our goal is to explore this regime without performing detector tomogra-
phy that attempts to fit the details of the saturated detector response. The
18
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click probability function is given by the following equation:
R(N) = 1− e−ηN
∞
∑
i=0
(1− pi) (ηN)
i
i
(3.11)
Here N depicts the average number of photons incident on the SSPD
per laser pulse, η is a parameter describing the efficiency with which these
photons are absorbed and {pi} are the probabilities to trigger a detection
event when i-photons are absorbed. For small powers (ηN  1) the lead-
ing term is given by the first non-zero pi and scales as the i-th power of
the average number of photons. The slope of the response curve on a dou-
ble logarithmic scale is approximately equal to the number of photons (i)
needed to cause the click (this is derived in the appendix of this thesis).
For example: if the logarithmic slope is equal to 2 this means that predom-
inantly 2-photon events are causing the clicks of the detector. This regime
can be reached if we bias the detector well below the critical current so
that one photon does not contain enough energy to trigger the detector.
The count-rate divided by the count-rate at saturation (corresponding
to the laser pulse rate of∼20 MHz) will give the click probability per pulse.
This click probability is measured as a function of the average amount of
photons per pulse and is shown in figure 3.8.
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Figure 3.8: a) Measurements of the click probability as function of average photon
number per laser pulse incident on NbN SSPD for different bias currents. Data
are plotted in logarithmic scale. b) The slope ∂log(R(N))
∂log(N) of figure (a) as a function of
N (log-scale). In both figure a and b the red line gives a rough estimate of where
ηN = 1.
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Figure 3.9: Best fit line to the (logarithmically) linear part of figure 3.8 with the
same colors corresponding to the same bias voltages as in said figure.
From figure 3.8 it can be seen that for Ibias = −23 µA and Ibias = −18
µA one photon events are dominant and for Ibias = −13 µA we see that 2
photon events are dominant. For a bias current Ibias = −9 µA the slope is
larger than 2 and indicates a contribution from a 3 photon detection event.
The data for lower bias currents Ibias = −8 µA is not so clear because
the curve starts in the saturation regime indicated by the red line where
ηN ∼ 1. This may be resolved by measuring even lower count rates. It
should be noted, however, that this method is intrinsically limited as it
becomes increasingly difficult to directly observe n-photon events in the
response curve. Figure 3.9 represents straight lines fitted to the data points
between N = 102.5 and N = 104.5. From these fits we obtain slopes of 0.92,
1.17, 2.17 and 2.60 respectively.
The slope of 2.6 at Ibias = −9 µA is interpreted as a mix of two and
three photon events being the dominant source of detections in the SSPD.
This means that in this experiment we can reliably extract probabilities of
3 photon events without using tomography allowing to explore energies
20
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up to 7.4 eV. Detector tomography can be applied to find higher energy
events, but these probabilities need to be extracted from the detailed shape
of the saturation curve.
3.2.1 Discussion of Multi-photon detection events
Using the method described in the previous section it is not possible to di-
rectly observe four photon events in the response of the detector. A way to
take the whole curve in to account and not only the part for which ηN < 1
would be to use quantum detector tomography. Quantum detector tomog-
raphy is an algorithm where one fits the response of the detector shown in
figure 3.8a. The goal of this tomography is to find back the η and {pi} by
least-squares fitting of the saturation behavior (A more complete descrip-
tion is given in the PhD thesis of J.J. Renema and that of Q. Wang [7, 14]).
We avoid this method in this thesis as the algorithm is sensitive to sys-
tematic errors such as alignment errors and heating of the sample. This is
especially true for the contribution from higher photon numbers that are
hidden in the saturation regime.
It should be noticed that our curves (figure 3.8a) are significantly more
non-linear than previous results [7, 14]. This is due to the small spot size
in our experiment that we introduced to reduce heating effects and to in-
crease eta in an attempt to reduce systematic errors. This small spot size
was realized by using a beam expander before focusing the beam on our
detector producing an estimated minimum waist of 30 µm. This small spot
minimizes the heating of the sample due to absorption by GaAs substrate.
Unfortunately, this made the setup much more sensitive to alignment and
mechanical vibrations that cause noise in our measurements. Installing a
ccd camera to be able to image the laser spot on the SSPD and mechani-
cally coupling the optical table to our cryostat solves these problems. A
problem that is yet unsolved is that a wedge in the half-wave plate used to
regulate the power is causing a change in position of the laser spot. This
change in position is thought to contribute to the non-linearity observed
in the curves in figure 3.8a. A way to reduce this error is via liquid crystal
retarders that do not have to be rotated, so that even if there would be a
wedge, it would not affect the position of the spot while changing the laser
power.
To estimate the bias where one would expect to have a 10% chance
for a 3 or 4 photon event I use the curve of chapter 3 figure 3.4 of Ren-
ema’s thesis [7] . These data are for the same NbN SSPD that is used in
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our experiment. Note that data take a 10% criterion while the curve in
the introduction looks at a 1% probability to detect the (simultaneously)
absorbed photon(s).
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Figure 3.10: Curve predicted by diffusion based models (red dotted line). The
green dots correspond to a 10% chance that a (multi-)photon detection events
occurs when absorbed.
A bit of caution has to be employed in interpreting this estimation since
the SSPD in the experiment of Renema was kept at a temperature of 3.2 K
where our detector is 4.5 K. This produces a difference in critical current:
29 µA in Renema’s experiment and 24 µA in ours. Despite these differ-
ences the same γ was used in my approximation.
It should be noted that 4-photon events are predicted to be observed at
a negative bias current by figure 3.10 indication that the diffusion model
should break down before reaching this energy. More research is needed
to reliably measure the saturation of the response curve so that these 4-
photon events can be explored in this detector.
22
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Conclusions
In this bachelor project we looked at the normal resistivity of the NbN and
concluded that a grain boundary tunneling model as proposed in [11, 12]
explains the counter-intuitive temperature dependence of the normal state
resistance of a NbN SSPD.
We analyzed the pulse characteristics of detection events, and found that
the relaxation time of the detector is approximately 4 ns, giving a kinetic
inductance of ∼200 nH. We determined a save region to trigger on such
pulses taking into account the noise of the amplifiers.
We tried to probe the high photon energy regime (in excess of 8.8 eV) of the
NbN SSPD. To achieve this it was chosen to try and observe multi-photon
events of 500 nm photons (∼ 2.5 eV). The method used to do this was
by looking at the logarithmic slope ∂log(R(N))
∂log(N) since this slope corresponds
to the dominant (multi)-photon event. However, the maximum observed
slope is 2.6 and the 4-photon (9.9 eV) event was not directly observed.
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Appendix
When modeling of the click probability we set p0 to zero. Dark counts are
assumed to be negligible at low bias currents and their contribution can-
not be captured in terms of a probability per pulse. The click function is
given by:
Ri(N) = 1− e−ηN − e−ηN
∞
∑
i=1
(1− pi) (ηN)
i
i
(5.1)
To show that the loglog-slope is given by the minimum number of pho-
tons absorbed simultaneously we use the following to calculate the loglog
derivative:
d log10(R(N))
d log10(N)
=
d log10(R(N))
dN
dN
d log10(N)
=
d log10(R(N))
dN
d10log10(N)
d log10(N)
= ln(10)N
d log10(R(N))
dN
(5.2)
log10(R(N)) =
ln(R(N))
ln(10)
(5.3)
d log10(R(N))
d log10(N)
= N
d
dN
ln(R(N)) (5.4)
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N
d
dN
ln(R(N)) =
ηN
(
1 +∑∞i=1 (1− pi)
(
(ηN)i
i! − (ηN)
i−1
(i−1)!
))
eηN − 1−∑∞i=1(1− pi) (ηN)
i
i!
=
ηN
(
1 +∑∞i=1 (1− pi)
(
(ηN)i
i! − (ηN)
i−1
(i−1)!
))
1 + ηN + (ηN)
2
2 + ...− 1−∑∞i=1(1− pi) (ηN)
i
i!
=
ηN
(
1 +∑∞i=1 (1− pi)
(
(ηN)i
i! − (ηN)
i−1
(i−1)!
))
ηN + (ηN)
2
2 + ...−∑∞i=1(1− pi) (ηN)
i
i!
(5.5)
For the simplest case, if we have an n-photon detection we set pi<n = 0,
0 < pn < 1 and pi>n = 1. In the following I give explicit expressions for
the first three (multi)-photon events:
One photon event:
N
d
dN
ln(R1(N)) =
ηN(1 + (1− p1)(ηN − 1))
ηN − (1− p1)ηN
=
ηN + p1(1− ηN)
p1
≈ p1
p1
for (ηN < 1)
= 1
(5.6)
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Two photon event:
N
d
dN
ln(R2(N)) =
ηN(1 + (ηN − 1) + (1− p2)
(
(ηN)2
2 − 1
)
ηN + (ηN)
2
2 −
(
ηN + (1− p2) (ηN)22
)
=
ηN
(
(ηN)2
2 + p2
(
ηN − (ηN)22
))
(ηN)2
2 −
(
(1− p2) (ηN)22
)
=
ηN
(
(ηN)2
2 + p2
(
ηN − (ηN)22
))
p2
(ηN)2
2
≈ 2(ηN)
2p2
(ηN)2p2
for (ηN < 1)
= 2
(5.7)
Three photon event:
N
d
dN
ln(R3(N)) =
ηN(1 + (ηN − 1) +
(
(ηN)2
2 − ηN
)
+ (1− p3)
(
(ηN)3
6 − (ηN)
2
2
)
ηN + (ηN)
2
2 +
(ηN)3
6 −
(
ηN + (ηN)
2
2 + (1− p3) (ηN)
3
6
)
=
ηN
(
(ηN)2
2 +
(ηN)3
6 − (ηN)
2
2 + p3
(
(ηN)2
2 − (ηN)
3
6
))
(ηN)3
6 − (1− p3) (ηN)
3
6
=
ηN
(
(ηN)3
6 + p3
(
(ηN)2
2 − (ηN)
3
6
))
p3
(ηN)3
6
≈ 6(ηN)
2p2
2(ηN)2p2
for (ηN < 1)
= 3
(5.8)
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n photon event:
N
d
dN
ln(Rn(N)) =
ηN
(
(ηN)n
n! + pn
(
(ηN)n−1
(n−1)! −
(ηN)n
n!
))
pn
(ηN)n
n!
≈
(ηN)n pn
(n−1)!
(ηN)n pn
n!
for (ηN < 1)
= n
(ηN)n pn
(ηN)n pn
= n
(5.9)
From this argument we conclude that, as long as ηN < 1, the slope of
the click function on a loglog scale is directly connected to the number of
photons that is causing the click. If the NbN SSPD is in a region where
n-photon events are dominant we would expect to see a loglog slope of
n. It should be noted, however, that the count rates become vanishingly
small in the regime where ηN << 1 as the count rate drops as (ηN)n
28
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